Compulsive behavior is a debilitating clinical feature of many forms of neuropsychiatric disease, including Tourette syndrome, obsessive-compulsive spectrum disorders, eating disorders, and autism. Although several studies link striatal dysfunction to compulsivity, the pathophysiology remains poorly understood. Here, we show that both constitutive and induced genetic deletion of the gene encoding the melanocortin 4 receptor (MC4R), as well as pharmacologic inhibition of MC4R signaling, normalize compulsive grooming and striatal electrophysiologic impairments in synapse-associated protein 90/postsynaptic density protein 95-associated protein 3 (SAPAP3)-null mice, a model of human obsessive-compulsive disorder. Unexpectedly, genetic deletion of SAPAP3 restores normal weight and metabolic features of MC4R-null mice, a model of human obesity. Our findings offer insights into the pathophysiology and treatment of both compulsive behavior and eating disorders.
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anxiety disorders | conditional knockout mice | metabolism | synaptic transmission I nvestigation of the synapse-associated protein 90/postsynaptic density protein 95-associated protein 3 (SAPAP3) and the melanocortin 4 receptor (MC4R) have provided important insights into the pathophysiology of compulsivity and obesity, respectively. Genetic variations in SAPAP3 have been identified in some patients with OCD-spectrum disorders, such as trichotillomania (1) (2) (3) , and SAPAP3 is enriched in the striatum where it influences excitatory synaptic function (4) . Importantly, SAPAP3-null mice display compulsive grooming that can be ameliorated by fluoxetine, a mainstay treatment for patients with obsessive-compulsive disorder (OCD) (4) . Thus, SAPAP3-null mice are a valuable model of compulsive behavior in neuropsychiatric disease.
MC4R signaling, on the other hand, regulates feeding behavior and energy expenditure (5) . Mutations in the MC4R are the most common monogenic cause of hyperphagia and morbid obesity in people, and MC4R-null mice thus provide a useful model of human obesity (6). MC4Rs have long been known to be highly active in the hypothalamus, and it has recently been shown that MC4Rs also operate within D1 medium spiny neurons of the ventral striatum to mediate procedural memory and affective responses to stress (7, 8) . In addition, previous results have suggested that stimulation of MC4R-signaling induces compulsive grooming in rats (9) . These findings, combined with the well-established and critical role of striatal circuitry in mediating compulsive behavior (10) (11) (12) , prompted us to hypothesize that loss of MC4R signaling might ameliorate compulsive grooming in SAPAP3-null mice.
Results
Constitutive Genetic Elimination of MC4R Normalizes Grooming in SAPAP3-Null Mice. After demonstrating that MC4R agonists induce compulsive grooming in wild-type mice (Fig. S1 ) as was previously shown in rats (9), we addressed our hypothesis by crossing SAPAP3-null mice with MC4R-null mice to generate four experimental groups for analysis of compulsive grooming behavior: wild-type (Mc4r
). As expected (4), SAPAP3-null mice showed increased grooming time in the standard 5-min spray test of induced grooming, due to increased bouts of grooming, both at baseline and after stimulation by water spray (Fig. 1A) . However, mice lacking both SAPAP3 and MC4R displayed wild-type levels of grooming time and bouts at both baseline and after spray, whereas MC4R-null mice showed no difference from wild type (Fig. 1A) .
We then tested grooming more rigorously using the Laboras system, which allows 24-h automated collection of nonstimulated, basal grooming behavior using a vibration sensitive plate to monitor fine motor activity. Consistent with spray test results, SAPAP3-null mice exhibited significantly increased total grooming time and bouts over 24 h, whereas double null mice again showed normalized grooming time and bouts (Fig. 1B) . Grooming in MC4R-null mice was the same as in wild-type mice. Loss of MC4R in SAPAP3 null mice rescued compulsive grooming by normalizing the number of grooming bouts rather than by shortening the duration of individual bouts, which were the same across all four groups (average time of bouts: 7.01 ± 0.32 s for wild type, 7.23 ± 0.62 s for SAPAP3-null, 6.83 ± 0.51 s for MC4R-null, 6.23 ± 0.42 s for double null). We additionally observed that double deletion of MC4R and SAPAP3 prevented acquisition of self-induced facial lesions, which are otherwise characteristic of SAPAP3-null mice (Fig. 1C) .
Pharmacologic Inhibition of MC4R Signaling Normalizes Compulsive
Grooming in SAPAP3-Null Mice. We next tested whether normalization of grooming behavior in double null mice was due to interactions between MC4R signaling and SAPAP3 function in mature neuronal circuitry, rather than simply a developmental effect. Specifically, we assessed the efficacy of pharmacologic inhibition or genetic elimination of MC4R signaling in adult SAPAP3-null mice. First, grooming was evaluated in the 24-h Laboras grooming assay following 2 wk of intracerebroventricular (ICV) delivery of the MC4R antagonist HS014 via Alzet osmotic minipumps into adult SAPAP3 null mice. HS014 is a cyclic melanocyte stimulating hormone analog that serves as an MC4R ligand (K i of 3.2 nM) with 17-fold MC4/MC3 receptor selectivity (13) . Without directly measuring brain tissue drug levels, it is impossible to determine the brain concentration of HS014 after 2 wk of continuous ICV delivery. Previously in the literature, however, others have determined that an ICV infusion rate of 0.17 nmol of HS014 per hour for 2 wk is sufficient to induce hyperphagia and obesity in rodents (14) . Accordingly, we conservatively infused at lower doses. The Alzet osmotic minipumps we used dispel their contents at a rate of 0.11 μL/h. Thus, at a concentration of 1 mM HSO14 in the pump, drug delivery occurred at a rate of 0.11 nmol/h. Accordingly, 0.3 mM concentration in the pump effected delivery of 0.033 nmol/h, and 0.1 mM concentration in the pump effected delivery at a rate of 0.011 nmol/h. Although the lowest dose of 0.011 nmol/h of HS014 had no effect on grooming behavior, higher dosages of 0.033 and 0.11 nmol/h significantly reduced grooming time and bouts in SAPAP3-null mice ( Fig. 2A ). Pumps and cannulae were then removed and mice were allowed to recover for 4 wk.
Subsequent reevaluation in the 24-h Laboras grooming assay at this later time point showed that grooming time and bouts returned to the high levels typically seen in SAPAP3-null mice. Analogous experiments were conducted on wild-type littermate mice, and no grooming differences were seen at any time point. Thus, acute pharmacologic inhibition of MC4Rs significantly ameliorated compulsive grooming in SAPAP3-null mice, but did not affect grooming in wild-type mice.
Induced Genetic Elimination of Mc4r Normalizes Grooming in SAPAP3-
Null Mice. We next generated Sapap3 −/− :Mc4r lox/lox experimental mice by crossing SAPAP3-null mice with mice in which the single exon of the mc4r gene was flanked by lox P sites (15) . Sixteen-to 17-wk-old Sapap3
lox/lox mice were screened in the Laboras 24-h grooming assay to ensure that these new mice displayed compulsive grooming (Fig. 2B) . Then, mice were randomly and equally divided into two groups, and key components of corticostriatal circuitry were targeted stereotaxically and bilaterally by administering adeno-associated virus (AAV) vector encoding either Cre recombinase and green fluorescent protein (GFP) (AAV-Cre-GFP), or GFP alone (AAV-GFP; "control group") into the orbitofrontal cortex and nucleus accumbens shell, a component of the ventral striatum. Both regions were targeted for elimination of MC4R to test our hypothesis of a role for MC4R signaling in compulsive behavior secondary to loss of SAPAP3 in the striatum. Five weeks later, mice were reevaluated in the 24-h Laboras grooming assay. Mice that received AAV-Cre-GFP showed reduced grooming time and bouts to wild-type levels (Fig. 2B) . Subsequently, brains were examined both histologically for GFP expression to verify efficient viral delivery (Fig. S2) and by in situ hybridization for MC4R transcript expression to verify viralmediated elimination of intact Mc4r (Fig. S3 ) in both orbitofrontal cortex and nucleus accumbens shell. These results confirm the specificity of our previously demonstrated effect of pharmacological inhibition of MC4Rs on compulsive grooming, and provide further evidence that inhibition of MC4R signaling helps normalize grooming in adult SAPAP3-null mice. In future studies it will be informative to delineate pre-vs. postsynaptic roles of MC4R signaling by selectively eliminating MC4R in the nucleus accumbens, while leaving expression intact in the orbitofrontal cortex.
Elimination of MC4R Restores Normal Ventral Striatal Synaptic
Transmission in SAPAP3-Null Mice. SAPAP3-null mice have reduced AMPA receptor (AMPAR)-mediated synaptic transmission and an increased number of silent synapses in the dorsal striatum (16, 17) . Furthermore, activation of MC4R signaling within ventral striatal neurons reduces synaptic strength by increasing endocytosis of AMPARs (8) . We thus hypothesized that normalization of grooming behavior in double null mice might correlate with restoration of normal ventral striatal neuron AMPAR activity. Accordingly, we recorded input-output curves of extracellular field potential responses in acute ventral striatal slices from SAPAP3-null, MC4R-null, double null, and wild-type littermate mice. Consistent with previous results in the dorsal striatum, field potential amplitudes recorded in ventral striatal slices from SAPAP3-null mice exhibited a decreased, synaptically mediated N2 field potential response relative to wild type. By contrast, peak N2 amplitudes were the same in slices obtained from MC4R-null and wild-type mice. However, N2 field potential amplitudes in double null mice were restored to wild-type levels ( Fig. 3 A  and B) . No differences were observed in the N1 component of field potential recordings (Fig. S4) , which reflects the direct excitability of axons and cells in the slice (18) . These results suggest that similar to the dorsal striatum, decreased AMPARmediated synaptic transmission occurs in SAPAP3-null mice and that this synaptic modification, like compulsive grooming, is rescued by MC4R deletion. We also found a significant increase in paired-pulse ratio (PPR) in SAPAP3-null mice, which was absent in both MC4R-null and double null mice (Fig. 3C ). Although these measures using field potential recordings from striatal slices reflect a mixture of presynaptic and postsynaptic events (18) , these results provide further evidence that deletion of MC4R signaling rescues synaptic changes caused by loss of SAPAP3 in the striatum.
Elimination of SAPAP3 Restores Normal Weight and Metabolism in
MC4R-Null Mice. Because loss of function MC4R mutations cause obesity in humans (19) and rodents (20), we evaluated body composition to ensure that changes in grooming were not secondary to changes in body habitus. Quite surprisingly, we observed that although MC4R-null mice were obese as expected, double null mice displayed body weight similar to wild-type and SAPAP3-null mice (Fig. 4A) . Consistent with the rescue in body weight, deletion of SAPAP3 from MC4R-null mice also restored normal body length, adiposity, food intake and fasting blood glucose (Fig. 4 A-C). Taken together, our results confirm that the reduction in grooming in double null mice relative to SAPAP3-null mice does not result from nonspecific metabolic or locomotor aberrations, as double-null mice exhibit the same lean phenotype (Fig. 4 ) and locomotor activity (Fig. S5) as SAPAP3-null mice. Importantly, our results also demonstrate an unanticipated interaction of SAPAP3-MC4R signaling in feeding behavior and metabolism.
Discussion
We have identified a biologically relevant interaction of MC4R-SAPAP3 signaling in regulating compulsive behavior and body weight. In the case of compulsive behavior as measured by excessive grooming, this effect correlates well with modifications of AMPARmediated synaptic transmission in ventral striatal neurons. Our findings also suggest that regulation of excitatory synapse strength is a critical function of MC4R signaling in the ventral striatum. On first glance, metabolism and compulsive behavior may appear unlikely partners for a neuronally mediated mechanistic link. However, several clinically relevant intersections of compulsivity and food intake do occur. For example, a common obsession in OCD is fear of contamination (21), typically associated with compulsive cleansing rituals, such as washing of hands or objects. Nutrient-sensing pathways might thus regulate compulsivity to maximize assessment of food quality and safety. MC4R signaling is known to increase during periods of caloric abundance (22) , and augmentation of compulsive concerns of cleanliness and food safety would be beneficially adaptive during periods of plentiful food availability. Conversely, MC4R signaling is decreased during periods of starvation (22) , which could diminish these compulsive concerns when it is more important to survive by consuming scarcely available nutrition. Symptoms centering on anxiety and food intake are also comorbid in eating disorders. For example, patients with anorexia nervosa have much higher rates of anxiety and compulsivity than the general population (23) , and OCD-like symptoms generally precede the onset of an eating disorder (24) .
Our findings also identify an unanticipated role for synaptic plasticity in MC4R-signaling control of body weight. In the context of reduced strength of excitatory synapses observed in SAPAP3-null mice, loss of MC4R signaling failed to elicit either hyperphagia or obesity, indicating that modulation of glutamatergic signaling may be a key factor in MC4R-mediated feeding behavior. This observation extends the earlier finding that MC4R signaling acts presynaptically within the nucleus tractus solitarius to modulate glutamatergic synaptic transmission (5) , and is consistent with the recent demonstration that MC4R signaling within the striatum reduces strength of excitatory synapses (8) . In addition, others have previously demonstrated that loss of SAPAP3 elicits postsynaptic endocytosis of AMPARs via increased metabotropic glutamate receptor 5 (mGluR5) activity (25) , which ultimately reduces AMPAR-mediated synaptic transmission in the striatum. Here, we show that inhibition or genetic ablation of the MC4R-signaling system also normalizes levels of AMPAR-mediated synaptic activity. Taken together, these results suggest that distinct mGluR5 and MC4R signaling pathways converge to affect the same synaptic property within striatal neurons. Further dissection of the relative contribution and molecular events of these pathways to this common outcome could thus contribute to identification of potential targets for therapeutic intervention in compulsive behavior.
In summary, we have found an interaction of striatal MC4R and SAPAP3 signaling that may help foster development of new pharmacologic treatments for patients with pathologically compulsive behavior or eating disorders. It will be important to further analyze the relationship between MC4R-SAPAP3 interactions and specific subtypes of human illness. Loss of MC4R function models human monogenic obesity, which is particularly sensitive to hyperphagia of calorically dense foods (26) . By contrast, human mutations in SAPAP3 have been associated with trichotillomania, a rare disorder that sometimes involves ingestion of a nonnutrient object (hair) (2) . These polar opposites in human behavior suggest that the interaction of MC4R-SAPAP3 signaling may be critical for the evaluation and selection of nutrients for consumption. Although the SAPAP3 model of compulsive grooming has good face validity and predictive validity for OCD-like behaviors (27) , caution should be applied when interpreting the results. Compulsive or stereotypic grooming has also been linked to numerous stress-inducing events, including stimulant exposure, feeding, sexual behavior, social interactions, and exploration of a novel environment (28) . Furthermore, repetitive movements or behaviors are observed in multiple conditions, including intellectual disability, autism, dementia, Tourette syndrome, and temporal lobe epilepsy (29) , indicating that multiple distinct forms of neural dysfunction may result in a common behavioral manifestation. Future work will need to delineate the specificity of the interaction of SAPAP3-MC4R signaling in diverse disease states.
Materials and Methods
Animal procedures were performed in accordance with University of Texas Southwestern Medical Center Institutional Animal Care and Use Committee guidelines. Mice were handled in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the US National Institutes of Health. Specific protocols were approved by the Institutional Animal Care and Use Committee. SAPAP3-null mice were provided by Guoping Feng (Massachusetts Institute of Technology, Cambridge, MA), and MC4R-null mice were provided by Joel Elmquist of University of Texas Fig. 4 . SAPAP3 is required for the metabolic deficits characteristic of MC4R-null mice. (A) Loss of SAPAP3 causes a gene dosage-dependent rescue of body weight (significant time × genotype interaction, F 40,679 = 12.27, P < 0.001), and body length (F 1,67 = 26.91, P < 0.001), whereas complete loss of SAPAP3 rescues adiposity (F 1,72 = 83.46, P < 0.001). (B) Loss of SAPAP3 reduces food intake (significant time × genotype interaction, F 35,565 = 9.14, P < 0.001) and feed efficiency (F 1,76 = 22.88, P < 0.001) in MC4R-null mice. (C) Loss of SAPAP3 causes a gene dosage-dependent rescue of fasting glucose (F 1,71 = 19.56, P < 0.001; data are presented as mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001). 
